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Abstract: Paramagnetic relaxation enhancement (PRE) measurements on *H nuclei have the potential to
play an important role in NMR structure determination of macromolecules by providing unique long-range
(10—35 A) distance information. Recent methodological advances for covalently attaching paramagnetic
groups at specific sites on both proteins and nucleic acids have permitted the application of the PRE to
various biological macromolecules. However, because artificially introduced paramagnetic groups are
exposed to solvent and linked to the macromolecule by several freely rotatable bonds, they are intrinsically
flexible. This renders conventional back-calculation of the 'H-PRE using a single-point representation
inaccurate, thereby severely limiting the utility of the *H-PRE as a tool for structure refinement. To circumvent
these limitations, we have developed a theoretical framework and computational strategy with which to
accurately back-calculate *H-PREs arising from flexible paramagnetic groups attached to macromolecules.
In this scheme, the 'H-PRE is calculated using a modified Solomon—Bloembergen equation incorporating
a “model-free” formalism, based on a multiple-structure representation of the paramagnetic group in
simulated annealing calculations. The ensemble approach for *H-PRE back-calculation was examined using
several SRY/DNA complexes incorporating dT-EDTA—Mn?* at three distinct sites in the DNA, permitting
a large data set comprising 435 experimental backbone and side-chain 'H-PREs to be obtained in a
straightforward manner from 2D through-bond correlation experiments. Calculations employing complete
cross-validation demonstrate that the ensemble representation provides a means to accurately utilize
backbone and side-chain *H-PRE data arising from a flexible paramagnetic group in structure refinement.
The results of 'H-PRE based refinement, in conjunction with previously obtained NMR restraints, indicate
that significant gains in accuracy can be readily obtained. This is particularly significant in the case of
macromolecular complexes where intermolecular translational restraints derived from nuclear Overhauser
enhancement data may be limited.

Introduction are dependent on relatively short-range interactions between
proximal nuclei. In addition,!H-PRE data can be readily
acquired using through-bond correlation experiments in which
cross-peaks can be easily assigned to unique interactions. This
is in marked contrast to NOE experiments where unambiguous

between the nuclear Overhauser effect (NOE) and interproton Cr0SS-Peak assignment to unique through-space interactions may
distance. Unlike the NOE which is limited to interproton P€ Severely hindered by chemical shift degeneracy. Despite its
distances less than6 A, the PRE can provide significantly potential, the.appllcat|on of the PRE has ngtgglned W|.desp.read
longer distance information, up te-35 A for Mn2t—1H general use in the NMR structure determination of biological
interactions, due to the strong interaction between a paramag-Tacromolecules because the vast majority do not possess
netic electron and a nucleus arising from the large magnetic intrinsic paramagnetic centers.
moment of the unpaired electron. Such long-range distance The exceptions are metalloproteins with rigid paramagnetic
information derived from PRE measurements can potentially centers. The application of tHél-PRE for structural analyses
be extremely valuable in NMR structure determination because of these systems has a long history, and distances between the
all other NMR observables that provide translational information metal ion and protons have been successfully used in structure
determination of metalloproteins and their bound ligahds.
T National Institute of Diabetes and Digestive and Kidney Diseases,

National Institutes of Health. In prlnC|pI_e, the same kind of Iong-range_ dlstanc_e restrz_ilnts
* Center for Information Technology, National Institutes of Health. can be obtained for any macromolecule by introducing extrinsic

Paramagnetic relaxation enhancement (PRE) provides infor-
mation on distances between a paramagnetic center and nuclei’
For an electrorrnucleus distance, the magnitude of the PRE
is proportional tor=®, which is similar to the relationship
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paramagnetic centers through appropriate chemical modification.extrinsic paramagnetic group attached to a macromolecule.
This was first demonstrated about 20 years ago on spin-labeledFinally, we show that, using this approach, it is possible to take
lysozyme and bovine pancreatic trypsin inhib#®PExamples full advantage of PRE data on both backbone and side-chain
of extrinsic paramagnetic centers include covalent attachment!H nuclei in structure calculations on macromolecules with
of nitroxide labeld and metal chelators? EDTA-derivatized artificially introduced paramagnetic groups. We demonstrate the
deoxythymidine (dT-EDTA), whose phosphoreamidite deriva- applicability of this method to SRY/DNA complexes in which
tive is commercially available, can be easily incorporated into EDTA—Mn?* has been attached to three distinct positions on
DNA using conventional solid-phase synthesis, thereby enablingthe DNA.

PRE measurements on any proteNA complex? These

technical advances have expanded the potential applicability of

the PRE for obtaining long-range structural information in
biological macromolecules.

Theory

PRE by a Flexible Paramagnetic Group Attached on a
Macromolecule.We consider macromolecules with chemically

An important issue, however, still remains to be resolved stable paramagnetic groups that are either covalently attached
which, to date, has precluded the widespread use of PREOTr tightly bound. In addition, we focus on paramagnetic systems
measurements in macromolecular structure determination: howin which the electronic g-tensor is isotropic (i.e., the g-factor is
to treat'H-PRE data arising from a flexible paramagnetic group. close to 2.0) and Curie spin relaxation mechanism is negligible.
Because artificially introduced paramagnetic groups are invari- The unpaired electrons of €y Mn?*, and nitroxides satisfy
ably attached to the macromolecule of interest through linkers these conditions.
that have several rotational degrees of freedom, the paramagnetic The PRE ratd” is measured as a difference in relaxation rates
centers are intrinsically flexible and, hence, the ensemble spacegor the paramagnetic and diamagnetic states of the macro-
occupied by the populated conformers must be relatively large. molecule:
In such cases, it will be inappropriate to apply the Solomon = ey ' (1)
Bloembergen equatiéfi (referred to as the SB equation) in Ryaramagnetic ™ Reiamagnetic

which the paramagnetic center is represented as a single pointryjs sybtraction cancels out all relaxation mechanisms common
in the structure calculations, because some nuclei will be 1 poth states, including exchange contributions to the transverse
strongly affet;ted by a particular region of the conformaﬂongl relaxation rateR,, such that the only remaining relaxation
space occupied by the paramagnetic center and other nuclei byechanism arises from electrenucleus interactions.
another region of the space. In the context of direct structure  There are two reasons thi nuclei are ideally suited for
refinement againstH-PRE data, this is absolutely critical pRE analysis to derive distance information. First, the PRE on
because the single-point representation of the paramagneticy nycleiis significantly larger than that d4C and!>N nuclei,
center is likely to reduce the coordinate accuracy of the resulting pecause the PRE is proportional to the square of the nuclear
structures because of distortions introduced through inappmpri'gyromagnetic ratio. Second, the peifqtoint approximation used
ate treatment of théH-PRE data. _ _ in the equations describing the PRE is not valid f¢ and

In this paper, we present a theoretical and computational 155 nyclei due to delocalization of an unpaired spin to the 2p
approach to quantitatively make use'gfPRE data arising from  pital7-9
a flexible paramagnetic group as a source of restraints for NMR | the case where Fermi contact interactions are negligible
structure calculations. First, we introduce a model-free formal- (; o | the paramagnetic centeiH distance is long enough), the
ism into the SolomonBloembergen theory and show how  pRrEs on longitudinal and transverse relaxation rates are

internal motions affect the longitudinal and transvéHePRE_s conventionally described by the SolomeBloembergen (SB)
(I'1 and T, respectively). We then set out the computational gqyations:

strategies employed to deal with the intrinsic flexibility of an

2
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r,= 1%5,(:_;) Vg ues(s + 1 4se(0) + 3ss(@))} (3)

wheres is the electron spin quantum numbagiis the electron
g-factor,y, is the proton gyromagnetic ratiag is the perme-
ability of a vacuumug is the magnetic moment of the free
electron, andw/27 is the Larmor frequency of the proton.
Jsg(w) is the generalized spectral density function for the
reduced correlation function:

(4)

The correlation timer; is defined as# ! + s 1)1, wherer,
is the rotational correlation time of the macromolecule, and

(7) Gottlieb, H. P. W.; Barfield, M.; Doddrell, D. MJ. Chem. Phys1977,
67, 3785-3794.
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is the effective electron relaxation time. The Solomon parameters are defined as:
Bloembergen theory makes the approximation that electron 5
relaxation does not couple with molecular tumbling. This is SE _ 4r y.mQm P 8
reasonable because the electron relaxation lifetime is comparable REangular Z I ) )
to or shorter than the rotational correlation time of a macro-
molecule. In the case of Mn (s = %/5,), electron relaxation is S%Reradiau: TR 9)
multiexponential® Theoretical considerations, however, have
shown that the SB equation employing a single effective electron We assume that the effective electron relaxation taté is
relaxation raters~* does not introduce any significant errors at not influenced by either overall or internal motion correlation
high magnetic field strength>(10 T)® times of the interaction vector. For a transition metal ion,
The Solomon-Bloembergen theory assumes that dipele  electron relaxation primarily arises from modulation of the zero-
dipole interaction vectors are rigid in the molecular frame. field splitting tensor as a consequence of collisions with solvent
Because PRE interaction vectors may be quite long (up to 35 molecules and is therefore governed by a very short lifetime
A), they are less susceptible to small fluctuations in atomic between collisionsz, (~5 ps for water at physiological
positions, which makes this assumption reasonable for manytemperature}’ Because internal motion faster than would
cases. However, this approximation will break down if the affect the effective electron relaxation rate!, we focus on
ensemble space sampled by the paramagnetic group is quiteases where the correlation timg for internal motion is
large. significantly longer tham,. Under these conditions, incorpora-
Here, we incorporate a “model-free” formalishinto the tion of the correlation functioi€(t) for internal motions into
Solomon-Bloembergen theory to evaluate the influence of the correlation function for the PRE transformiss(w) in the
internal motions on the PRE. We assume that internal motions SB €quation into:
are not coupled with the overall tumbling of the molecule so

m=-2

S%r, 1- Sy,

that the correlation functiorC;(t), for the internal motion of — 6
: : : Jsgur(w) = [ 2 2 2 2 (10)
the interaction vector can be approximated by: 1+ o, 1+ o
C(t) = S?+ (1 — S? exp(-t/r) (5) wherer; is the total correlation time defined as ¢ + 7s* +
7771~ When the original SB equations (eqs4) are expressed
where & is the generalized order parameter, ands the in the form:
correlation time for internal motion. This formalism does not r = r_GfSB,m(Tc)' m=1or2 (11)

require any physical model of the internal motions (hence the
term “model-free”), but has proved to be extremely useful in jhcorporation of the model-free formalism transforms eq 11 into:
the interpretation of heteronuclear relaxation datalthough

the “model-free” formalism is commonly used for fixed-length [, = S°0 ‘Mg, (7o) + (1 — S?) D_GDfSBm(Tt) (12)
interaction vectors such 38aN—1H or 133C—H bond vectors, it ’

can also be applied to vectors of variable lengths such as those~or simplicity, we refer to the SB equations incorporating the
for homonucleafH—'H dipolar interaction$?13 In that case, model-free formalism as the SBMF equations. The SBMF

the order parameter is defined &s: equations reduce to the SB equations under conditions where
the internal motion is either very slow (and eventuatlys- ¢)
. 2 2m(Qmol) or highly rgstricted in space{ ~ 1). _
2= _ [ 57! z (6) Comparing the SB (eq 11) and SBMF (eq 12) equations, one
5 m&=—> r3 can ascertain that two additional effects need to be taken into
account for the PRE arising from a flexible paramagnetic group
whereY,™ (Q) are second-order spherical harmonics, &' attached to a macromolecule: the ensemble effeatéfland
are Euler angles in the molecular frame. As &wweiler et al. the motional effect related t6 andz;. If the ensemble space

demonstrated fotH—1H dipolar interactiond? it is useful to of the paramagnetic center is relatively large and it is hard to
approximate the order parameter by decomposition into its radial find a unique effective position for all PRE interaction vectors,

and angular components: over- or underestimation of the effective distan@e§3/) will
lead to significant errors in the calculated valuesIofFor
32*3 ~ i 5'2: , (7 example, if an effective distance with a true value of 20 A is
RE REangulaPREradial

overestimated by only 2 A, the error inwill be as large as
44%. This error increases as the distance decreases. As shown
below, however, the ensemble effect @f®can be readily
treated by ensemble averaging using a multiple-structure

in which the angularﬁREvangu,g( and radial é’RE,radia) order

(8) Mispelter, J.; Momenteau, M.; Lhoste, J.-M. Biological Magnetic

Resonance: NMR of Paramagnetic MolecuBerliner, L. J., Reuben, J., representation for the paramagnetic group.
Eds.; Plenum Press: New York, 1993; Vol. 12, pp 28985. i i - 1.
(9) Ma, L.; Jorgensen, A.-M. M.; Sorensen, G. O.; Ulstrup, J.; Led, J. J. .The |mpacts of motional effect.s ohi I a.'nd H-TI'; are very .
Am. Chem. So®00Q 122, 9473-9485. different. Because of the large distances involved, the variation
(10) Rubinstein, M.; Baram, A.; Luz, 2Mol. Phys.1971, 20, 67—80. i i ;
(11) Lipari G Szabo. AJ. Am. Chem. S0a982 104 4546-4559. !n the values of the order parameters for PRE |nteract|qn veptors
(12) Olejniczak, E. T.; Dobson, C. M.; Karplus, M.; Levy, R. B.Am. Chem. is rather small. However, the internal motion correlation time
Soc.1984 106, 1923-1930. e i ; ;
(13) Brishweiler, R.; Roux, B.; Blackledge, M.; Griesinger, C.; Karplus, M.; j[' 1S “kely to h_ave a_ Wl_d(__} range of V_a_‘lues dependlng on the
Emst, R. RJ. Am. Chem. Sod.992 114, 2289-2302. internal dynamics of individuaiH nuclei in the macromolecule
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a 60 The SB (eq 11) and SBMF (eq 12) equations are valid for
’ o~ systems with isotropic tumbling. For nonglobular systems
50l / A exhibiting significant diffusion anisotropy, the PRE also depends
/’ N on the angles between the principal axes of the diffusion tensor
40 \\\\ and the electronnucleus interaction vector. The effect of
/ T anisotropic tumbling can be readily incorporated according to
]]51‘0 807 7Tl ) previous literaturé4 In this Article, however, we have not
00 1’,’ e pursued this effect because the calculated PRE will be minimally

Vk
1.0 1

perturbed under conditions where the electron relaxation time
dominates the overall correlation time (i.e., the electron
relaxation time is significantly shorter than the apparent

0.0 : : : : rotational correlation time, which is generally the case). Thus,
0.0 0.5 1.0 1.5 2.0 25 . .
for the purposes of this paper, we restrict ourselves to the use
b 6.0 of egs 11 and 12.
Computational Strategy. Our goal is to appropriately use
5.0 f PRE data arising from flexible paramagnetic groups as structural
a0l restraints in simulated annealing calculations. In back-calculating
: other NMR parameters (e.g., NOEs and dipolar couplings), two
L 39 averaging technigues have been proposed to deal with flex-
Iy ibility: time-averaging during the course of restrained molecular
20} dynamics trajectorié8 and ensemble-averagid.Here, we
e e e — 2 ] adopt the latter approach. Back-calculation'dfPRE based
W == on the theory above can be achieved using a multiple-conformer
0.0 _ . . , representation for the paramagnetic group. The target function
0.0 0.5 1.0 1.5 2.0 25 for the PRE restraint&pgg is defined as:
Tlns] obsy: calcsiyy 2
Figure 1. Influence of the correlation time for internal motion on (a) Epre= kPRE Z Wi{rZ S(l) -I; (i)} (13)

1H-T'; and (b)H-T"; at 500 MHz. The vertical axis displays tiél© ratio,
whereT is calculated with the full SBMF equation (eq 12) ahfl is
calculated with only the first term of the SBMF equatidi?.corresponds
to I’ whent; — 0. Curves, calculated with the correlation time[=(z,~!

+ 15171 set to 3 ns, are shown with three different values of the order

parameters for PRE interaction vectorsSun—n2 = 0.9 (solid line), 0.7
(dotted line), and 0.5 (dashed line). The dependenciébl-df; andH-T",
on 7; are field-dependent, and the maximum of #hel'1/*H-T';° curve is

located around; ~ l/w,.

(e.g., side chain versus backbone). The contributiom; c&n

be evaluated using the second term of the SBMF equation (eq Wi

12). The dependencies &fl-T'; and'H-T'; on 7; are shown in
Figure 1. In the case where the order paramedéfsr the PRE

wherekpre is a force constanty; is a weighting factor that is
defined for each restrainf,°Pi) andI';°@i) are the observed
and calculated values, respectively, and the summation is over
individual 'H-I'; PRE data. The weighting factor should be
based on the individual experimental errors. We choose weight-
ing factorsw; to be:

1 590
5_21—~obs,max
i 2

(14)

whereg; is the experimental error associated with the measure-

interaction vectors are as small as 043;I'; exhibits a strong
dependence on (in particular forz; < 1l/wy); indeed, the value
of I'; can be up to 5 times larger than thatlafin the absence
of internal motion, depending on the value mf(Figure 1a).
The 'H-T',, on the other hand, is significantly less sensitive to
the internal correlation time; (Figure 1b). Thus, for structure
analysis usingH-PRE data arising from flexible paramagnetic
groups, the analysis 8H-I'; requires accurate information on
the values ofr; for the individual PRE interaction vectors,

ment of I',°°i), andT",°°sMaxjs the maximum observed value

of I'; in the same data set. For data points with large values of
I',°°s which have the most impact in structure refinement, the
experimental errors are significantly larger because of lower
sensitivity due to faster relaxation. Consequently, noninformative
data points with small values d%°Pswould be overly weighted

if the weighting factors were simply set too#. The second
scaling byI’,°°i)/T",°bsmaXin eq 14 compensates for this. For

8 ) ; X - ) CH, or NH, protons that exhibit two resolved peaks but are
whereas a simple estimation afis sufficient for analysis of 4 steregspecifically assigned, the PRE target function uses

1H- - i : 4 ;

H-T'> data. ConsequentlyH-I'; data provide far more useful o 5\;mmation and difference of the two PRE values, employing

structural restraints because they are not affected by the motional

effects within the macromolecule, particularly those involving (14) (a) V\lloesskner, D. El. Chem. Physl962 37, 647—654. (b) Benetis, N.;

. . - . . . Kowalewski, J.J. Magn. Reson1985 65, 13—33.

side chalps. In addition, proton; Telaxation is n_ot a single- (15) (a) Torda, A. E.. Scheek, R. M.. van Gunsteren, WCFem. Phys. Lett.

exponential process because of cross-relaxation (and water- 1989 157 289-294. (b) Torda, A. E.; Scheek, R. M.; van Gunsteren, W.
R . F.J. Mol. Biol. 199Q 214, 223-235. (c) Pearlman, D. A.; Kollman, P. A.

exchange in the case of amide protons), and hence the observed 3 \ol. Biol. 1991, 220 457-479. (d) Torda, A. E.; Brunne, R. M.; Huber,

1H-T'; val will al rtur h eff . For th T., Kessler, H.; van Gunsteren, W. §. Biomol. NMR1993 3, 55-66.

1 Values a.so be pertu bed by such effects. For these (16) (a) Brischweiler, R.; Blackledge, M.; Ernst, R. R. Biomol. NMR1991,
reasons, we restrict ourselves to the useltefl’, data for
structure calculation and only make usétdfl’; data to estimate

1, 3—11. (b) Bonvin, A. M. J. J.; Boelens, R.; Kaptein, R.Biomol. NMR
the apparent values of the correlation times.

1994 4, 143-149. (c) Bonvin, A. M. J. J.; Bmger, A. T.J. Mol. Biol.
1995 250, 80—93. (d) Clore, G. M.; Schwieters, C. D. Am. Chem. Soc.
2004 126, 2923-2938.
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the same technique that was previously used for nonstereo-jump model, the order parameters are calculated as follows:
specifically assigned proton chemical shift restrafits.

To account for the finite conformational space occupied by 1 N 3
a flexible paramagnetic groupl different conformers are used S%Re,angular: o ; Z I
to represent the paramagnetic group in the calculations, while N, Bk s 2
the remainder of the molecule is represented by a single
structure. Individual conformers are treated independently under N 39
the restraints of théH-PRE target function and can overlap (Z Z Ths
with each other because interactions between the conformers §)RE adia™= s
are excluded from the nonbonded interaction energy term. The ' N M
N conformers represent a discrete jump model where fractions anZ z rhs_6
of individual sites and the transition probability over a long s
period of time are uniform and equal td\Ll/Because members ) ) ) )
of the ensemble can overlap structurally, this model is also valid 't Should be noted that in this casg is also a function of
for a case with fewer sites and uneven distributions, providing the coordinates of théH nuclei and individual paramagnetic

n T. T, \2
P rhsrkt

! (7)
Mhs'kt 2

(18)

N is large enough. To obtain the ensemble averagg,othe centers. Because of the increased complexity, the SBMF mode
ensemble-averaged quantity ¢ for the electror-proton of calculation is computationally more expensive than the SB
distancer must be calculated as follows: mode.

The correlation timer. can be readily optimized within a

1 N predefined range (betweenp™" and ;™) during simulated
0 °C= N Z z Fhe O (15) annealing using three pseudo-atoms, TO, TA, and TB:
n, s
1 . .
wheren, is the number of equivalent protons (i.e., 1 for NH or o= T (rg " T ) cost} (19)
CH; 2 for equivalent aromatic protons that are degenerate
because of fast ring flipping; 3 for methyl protons). where6 is the angle between vectors FJA and TO-TB.
In simulated annealing calculation, we back-calculgteith The coordinates of the pseudo-atoms are optimized along with

M-%Cusing two different approaches. The first is an approxima- those of all other atoms during the course of simulated annealing
tion using the SB equation (eq 11) and the apparent correlationand minimization.

time 7,2PP given by?* . .
< y Experimental Section

app_ 1 3, 7 PRE Measurements on SRY/DNA-EDTA—Mn?2* Complexes.
Tc = oA 2T, T (16) Three DNA fragments with dT-EDTA at different sites were used for
H 2 the SRY/DNA-EDTA—Mn?* complexes (Figure 2). NMR samples

For flexible paramagnetic groups?®Pis influenced by the order of these SRY/DNA-EDTA complexes chelating either Saor Mn**
P 9 groupe; Y were prepared as described previodsl.The complexes at low

parametes” and the internal motion c_orrelatlon timeand _'S concentrations were extensively washed with a high ionic strength buffer
always smaller than the true value®fin the_SBMF _equatlon of 20 mM TrisHCI (pH 6.8) and 500 mM NaCl to completely remove
(eq 9). Because, as shown lat®#for the PRE interaction vector  excess divalent ions at sites other than dT-EDTA. The solution
tends to be relatively large due to the long distances involved, conditions for NMR measurements comprised 0.3 mM SRY/DNA
we examine the case & values between 0.5 and 0.9. When complex, 20 mM TrisHCI (pH 6.8), 20 mM NaCl, and 7% fD. All

the correlation time for internal motions of the PRE interaction buffers were treated with Chelex-20 (Sigma) prior to use.

vector is larger than 50 ps (which is probably the case for most  *H-I'> and*H-I' PREs on*N-attached protons were measured as
paramagnetic groups judging from their size), this approximation described previoushat 500 MHz on Bruker DMX-500 spectrometers

results in errors iAH-I> up to 11%, 219%, and 26% f&? values equipped with cryogenic probedd-I'; PREs ont*C-attached protons
of 0.9, 0.7, and 0.5, respectively. However, the maximum were measured at 750 or 800 MHz on Bruker DMX-750 or DRX-800

corresponding error in the effective distances (proportional to spectrometers using the experiments .described in th.e SUpporting
; . . o Information. *H-I"; values were determined from two time points

I';716) is only 4%. Thus, this approximation is reasonable and (T. andT) for transverse relaxation as follows:
will not result in any large geometrical distortions in a structure
calculation. We refer to this approach as the SB mode. 1 leaTo) wn(Ta)

The second approach for back-calculatifiginvolves the rZ:T T nl T)ln(T) (20)
direct application of the SBMF equation (which we refer to as b ed e unt T
the SBMF mode). This requires the explicit use of order nhere|c, and iy, are the peak intensities for the Taand Mri-
parameters for PRE interaction vectors as defined by eq 6. chelated states, respectively. It should be noted that effects of
These order parameters are calculated directly froni\tsée homonuclead,-modulation on peak intensities are canceled out by
discrete jump model of the paramagnetic group used in the using the identical times and taking ratios for the two states. The errors
simulated annealing calculations, assuming that positional in I'> were estimated using the equation:
fluctuations of the analyzetH nucleus are small as compared
to the paramagnetic centelH distance and hence do not or,

contribute toS for theH-PRE interaction vector. For thésite 1 \/{ Oca }2 { Oca }2 { Owin }2 { Omn }2
(17) Kuszewski, J.; Gronenborn, A. M.; Clore, G. M.Magn. Reson., Ser. B T~ Ta le{T2) lcTo) n(Ta) n(To)
1996 112, 79-81. (21)
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a
* site a site b J' site ¢ *
5' JCCTGCACAAACACOTG-3' 5'-CACCTGCACAAACACC-3' 5'-/CCTGCACAAACACH-3"
3' JGGACGTGTTTGTGGAC-5' 3'-GTGGACGTGTTTGTGG-5' 3'-GGACGTGTTTGTGG-5"
1 14 1 14 1 14
b dT-EDTA-Mn2+
(site b) '

.
dT-EDTA-Mn2+
(site )

dT-EDTA-Mn2+
(site a)

Figure 2. DNA fragments incorporating the dT-EDTA residue used in this study and overall summiéyRRRE data recorded on the SRY/DNA complexes.

(a) Sequences of the three oligonucleotide duplexes with the location of dT-EDTA indicated by an asterisk and color coded (red, site a; gragplesite b; p

site ¢). The location of the SRY binding site on the top and bottom strands is indicated by the solid bars, and the site of partial intercalaticngfdiea3 i

by an arrow!® The 14 base pairs common to all three oligonucleotides and used in the original structure determination of the SRY/DNAcaraplex
delineated by a rectangular box. (b) Residues that exhilitl"; values greater than 155for dT-EDTA—Mn2* at sites a, b, and ¢ are shown in red, green,

and purple, respectively, on a ribbon diagram representation of the SRY/DNA complex. (Residues depicted in black within these regions correspond to
prolines). The MA" ions are represented by cyan spheres. The coordinates of the SRY/DNA complex are taken from ref 18, and the additional base pairs
at the ends of the original 14 base pair sequence were added as described préviously.

whereocaandown are the standard deviations of the noise in the spectra was given full torsional degrees of freedom. The van der Waals energies
recorded with C& and Mr?*, respectively. between members of the ensemble for the EBT™n?" moiety and

To estimate the spin density of unpaired electrons delocalized onto its linker were excluded from the energy calculation during simulated
the 2p orbital of nitrogen atoms°N-I"; was determined at 500 MHz ~ annealing and minimization, thereby permitting atomic overlap of the
on the complex with dT-EDTAMnN?* located at site ¢ (Figure 2). The  ensemble members. The force-field parameters for the EENIAZ"
15N-T; relaxation rate measuremelitwere performed using the &a group are provided in the Supporting Information.

and Mr¥*-chelated states of this complex. The electron g-factor for dT-EDTAMN2* was set to 2.0. To avoid
Simulated Annealing with the PRE Target Function. The PRE over-weighting beyond the accuracy of the measureménteq 14)
target function was incorporated into the molecular structure determi- ysed in the calculation dfpre (eq 13) was set to a minimum value of

nation package Xplor-NIH (which can be downloaded from http:// 1.0 s in those cases where the error in the meastieH, value was
nmr.cit.nih.gov/xplor-nihf° The module for the PRE target function  estimated to be smaller.

was coded in &+, and the protocols for the structure calculations
were written using the Python interface of Xplor-NIH. All simulated
annealing calculations were carried out in torsion angle space using

. ) ; . .
the IVM modulé? of Xplor-NIH. For simulated annealing calculations, The force constarkere in eq 13 was initially set to 0.05 kcal mdl

a hybrid 18-bp DNA containing all three dT-EDTFAMIn?* sites was ; ) ) .
used, and back-calculation of the three PRE data sets recorded on theDurlng the cooling phase (3006 25 K), the PRE back-calculation

three SRY/DNA complexes was performed simultaneously. Multiple was switched to the SBMF mode and the valudsge was gradually
o g , increased from 0.05 to 1.0 kcal méls? for the backbone and 0.025 to
structures for an EDTAMN?* group and its linker region were used,

0.5 kcal mot?! & for the side chains. The force constant for the side

whereas the rest of the molecule was represented by a single structure. ™. .
. o prese y ge s chains was set lower than that for the backbone because back-calculation
The portion of the EDTA-Mn?* group comprising the six coordination

bonds to the metal ion was treated as a rigid body with coordinates of the PRE is expected to be less accurate for side chains due to larger

taken from the EDTA-Mn?" crystal structuré? while the linker region effects of internal motions. At t.he beginning Of the cooling phase, the
range oft. for the SBMF equation was set to lie betwerf?>™"and

2P maxdivided by the average value of the PRE order paramé&ers

During the high-temperature (3000 K) stage of the simulated
annealing calculations, PRE back-calculation was performed in the SB
mode using the apparent correlation tim#&® calculated using eq 16.

(18) Murphy, E. C.; Zhurkin, V. B.; Louis, J. M.; Cornilescu, G.; Clore, G. M.

J. Mol. Biol. 2001, 312, 481-499. calculated at the end of the high-temperature stage. Because of its low
(19) fg‘&o‘a\h ;\‘2-7A_-?7§23"9v O.; Forman-Kay, J. D.; Kay, L..EBiomol. NMR contribution to*H-T', (Figure 1), the second term of the SBMF equation
(20) Schwieters, C. D.; Kuszewski, J.; Tjandra, N.; Clore, GIMdagn. Reson. for *H-T; was neglected under the assumption that< 7. This

2003 160, 66—74. assumption was experimentally confirmed by fittingagainst'H-I';
8%3 gmvgﬁtse,r%.;%e%érgé?\feé.;(;s'%elr\g%.?/islgcﬁ?c?,]lhgrsé (2:?12?113109254 andTI'; data at multiple magnetic fields. The other conditions for the

3, 27-33. simulated annealing are the same as those in the previous publica-
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tions*#'8The agreement between calculated and observed valdels of  scale internal motions. The assessment of the side-éhialry

I'; was evaluated using a PRE Q-factdefined as: data will be described below. The dependence of the calculated
Q-factor on the number of conformers used to represent the
z {T) — T} covalently linked EDTA groups is shown in Figure 3a (closed
; circles). The overall Q-factors calculated using the multiple-
Q= (22) conformer representations are clearly smaller than that obtained
z 9%y with single-conformer representation. When #&PRE data
|

are further analyzed on the basis of the location of dT-EBTA
MnZ2* in the oligonucleotide sequence, two trends are apparent
(Figure 3b, closed circles).

S ; In the two cases where dT-EDTAVIN?" is located only one
2+
Mn?* at Three Distinct Sites.We analyzed the three SRY/ base pair in from the ends of the DNA (sites a and b), the

DNA complexes that share the same 14-bp DNA sequence and . . .
ossess a dT-EDTA at three distinct sites a. b. and ¢ as Shc)anulnpIe-conformer representation does not afford any improve-
ipn Figure 2. The EDTA groups are covalent’Iy ,attached o the ment in the Q-factor (Figure 3b, red closed circles). Moreover,
cs i ) f a thymi b th h link h i when the number of conformers is increased beyond four, the
position of a thymine base througn a finker with Tve o o, Q-factor increases slightly, presumably due to less
rotatable bonds (see Supporting Information for the chemical . C .
. . . effective minimization of the PRE target function as a conse-
structure). Judging from the three-dimensional structure of the . -
SRY/DNA complex (PDB accession code 1J48jonjugation guence of the increased complexity of the energy hypersurface.
of EDTA at these sites should have no impact on complex Thus, the simplest explanation for these results is that the

. . ) . EDTA—Mn2* groups at sites a and b are locked in a single
formation. This was confirmed experimentally by the observa- conformation. Alternatively, as a consequence of a particular
tion that thelH, 13C, 1N chemical shifts of the bound SRY : Y d P

protein are essentially identical to those for the original spatial relationship between the paramagnetic group and the
complex!® PREs on backbone and side-chéiih nuclei were protons of the proteinz only a single narrow region_ of the

measured using 2D HSQC-type experiments on thé*Mand ensemble space occupied by the paramagnetic group is respon-
Ca*-chelated states. In the case of the complex with dT- sible for the PRE observed on the majority of protons, and hence

EDTA—Mn2* located at site ciHy-T, data were collected on the position of the paramagnetic group can be described by a

two independently prepared samples and the obsetdei, single effective p03|t|onz+(see Discussion along with Flgure 12).
values agreed with each other within 2 times the estimated error  When dT-EDTA-Mn*", on the other hand, is positioned as

o in the measurement. The distributions of the obsefed, little as two base pairs in from the ends of the DNA (site c),
values arising from the dT-EDTAMn?2* at locations a, b, and the Q-factor is significantly reduced (by ca. 33% from 0.32 to

c are quite different. Of the three sites, site ¢ is situated closest9-21) upon the introduction of a multiple-conformer representa-
to the bound SRY protein and yields the largest number of 10N (Figure 3b, blue closed circles). Interestingly, although the
backbone am|de protons WitH_|N_I"2 > 15 §1' the most Q-faCtor fOI’ thelHN'Fz data Obtalned Wlth dT'EDTAMn2+
distantly locate site, site b, yields the smallest number of at site ¢ is reduced dramatically by increasing the number of
backbone amide protons withiy-T'; > 15 s (Figure 2). For conformers from one to three, further increases in conformer
the structure calculations, we ustd-PRE data that satisfied ~number yield no further improvements in Q-factor. In addition,
the following criteria: H-T» > 26 for PRES with!H-T, > 6 the correlation between calculated and observed valubd\ef

s 6 < 3.0 s1for PREs with!H-T, < 6 s'L. The resulting I', for site ¢ is nonlinear in the case of the single-conformer

H-PRE data set comprised 435 restraints: 255 for backboneePresentation (Figure 4a), but very close to linear for the
protons and 180 for side-chain protons. multiple-conformer representations with the correlations for 3-

Influence of Number of Conformations on Back-Calcula- and 10-conformer representations being almost identical (Figure
tion of the PRE. The ensemble approach described in the 4P.c). These results imply that the three-conformer model
Theory section was examined by a series of simulated annealingProvides a realistic representation for EDFAIN?* at site ¢
calculations usingH-PRE restraints, changing the number of 0cated at the edge of the SRY binding site. The positions of
conformers employed to represent the EDTMn2* groups and the Mr#* ion at site ¢ in the calculated structures of the'corr)plex
their linkers. In this evaluation, we kept the coordinates of the for the 1-, 3-, and 10-conformer models are shown in Figure
original NMR structure of the SRY/DNA complék (which 4d—f. When a three-conformer model for EDFMn?2" at site
includes the 14 bp delineated by the boxes in Figure 2) fixed © is employed, three distinct locations for the three?Mions
to maintain the contribution of coordinate errors in all the are observed: two are close to the major groove surface and
calculations constant. The remaining portions of the DNA in Separated by~11 A; the third is far from the surface of the
the complex were given full torsional degrees of freedoms and Major groove (Figure 4e). In the 10-conformer model, the
optimized under the influence of tABI-PRE restraints, as well ~ Positions of Mi* can be grouped into three clusters that
as nucleic acid torsion angle and DNA bagmse positional correspond to the three sites occupied in the three-conformer
database potentials of mean fof@éé* model (two on the major groove surface; one far from the

First, we carried out a set of calculations using only the PRE Surface) (Figure 4f).
1H-T', data for the backbone amide protons to ensure that the Because inclusion of large numbers of EDTMn?* con-
analysis was not affected by any effects arising from large- formers in the back-calculation of tHel-PRE could result in
over-fitting, we also performed a series of calculations with

Results
1H-PRE for Three SRY/DNA Complexes with dT-EDTA—

23 f;;zgg{)%k_iég-l?gscr“’”ieters' C. D.; Clore, G. M.Am. Chem. S02002 complete cross-validatiot; 26 randomly partitioning the
(24) Clore, G. M.; Kuszewski, J. Am. Chem. So@003 125, 1518-1525. IH\-T'> data into 10 pairs of working (70%) and test (30%) data
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Figure 3. Influence of the number of EDTAMN?" conformers on the PRE Q-factors. (a and b) Overall Q-factors (filled circles) and cross-validated free
Q-factors (open circles) for backbone amitteT. (c) Free Q-factors for buried methyl and aromattT,. (Note the different scale for the Q-factor axis

in panel d). (d) Free Q-factors for overall side-ch#irI'.. In panel a, the average Q-factors for all dT-EDTMn?* groups combined are shown, whereas

in panels b, ¢, and d the Q-factors for dT-EDFMn2* groups are subdivided into two groups: those related to sites a and b, located at the edges of the
DNA (cf. Figure 2), are shown in orange; those related to site ¢, located more internally in the DNA sequence, are displayed in blue. Ten structures were
calculated using only backborely-T'; data; SRY and the central 14 base pairs of DNA are held rigid, while the terminal two base pairs at either end
together with the paramagnetic groups are given full torsional degrees of freedom; the values shown are the averages of the 10 calculatioomrEree Q-fa
for Hy-T'> were calculated using complete cross-validation in which!ieI'; data set was randomly partitioned into 10 pairs of 70% working and 30%
test groups; free Q-factors for side-chaiI'; were calculated from structures determined using éHl-T'; data. Error bars indicate standard deviations

for the individual points. Note that the Q-factors for site ¢ are dramatically reduced upon the introduction of a multiple-conformer reprefeerttaion
paramagnetic group.

sets. Free Q-factors for the test sets (omitted from the refine- 3c and d). This provides a good measure of accuracyidf,
ment) were calculated for the structures refined against the back-calculations for side-chain protons. As seen in Figure 3d,
corresponding working sets, and the average values of the freethe free Q-factors for all side chains are reasonably low,
Q-factors for the 10 different test sets, plotted as a function of indicating that the accuracy of the back-calculation is good.
conformer number, are shown in Figure 3a and b (open circles). |ndeed, when only buried methyl and aromatic groups are
The trends observed for the free Q-factors are similar to those gonsidered, the free Q-factors are as low as those for the
for the overall Q-factors. For site c, the free Q-factor is packpone amide protons (cf., compare Figure 3c to 3b). In the
significantly reduced upon increasing the number of the cage of théH-I, data derived from site c, the decrease in the
conformers from one to two and from two to three. No change oq o factors for the side chains upon increasing the number

n the free Q-factor, however, is apparent for further INCIEASES ¢ conformers follows that observed for the backbone amide
in conformer number. We therefore conclude that the improved protons

agreement between observed and calculated valuéidyef
as the number of conformers is increased to three is due to The poorer agreement with the experimeritatPRE data
improved accuracy rather than to over-fitting. for exposed side-chain protons is due to two factors. First, only
Assessment of Back-Calculation of Side-ChaitH-I',. On the paramagnetic groups were allowed to take on multiple
the basis of the ensembles of the paramagnetic groups derivecconformations. Although motional effects éH-I' related to
from refinement against the backbone amitlg-T'; data, free < andr; are not significant for side chains as shown in Figure
Q-factors for the side-chaitH-I'; data were calculated and the  1b, the calculation off—®Ofor a side-chain proton could be
agreement with the experimental data was evaluated (Figureinaccurate if the finite conformational space sampled by that
proton is not taken into account. Second, the accuracy of the
(25) Bringer, A. T.; Clore, G. M.; Gronenborn, A. M.; Saffrich, R.; Nilges, M. exposed surface side-chain coordinates themselves is intrinsi-

Sciencel993 261, 328-331 o : )
(26) Clore, G. M.; Garrett, D. SI. Am. Chem. S0d.999 121, 9008-9012. cally lower, and cross-validation was performed without altering
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Figure 4. Correlation between observed and calculated values of bacRbanaE; arising from the dT-EDTA-Mn?" at site ¢ obtained with (a) single, (b)

3-, and (c) 10-conformer models of the EDFMn2" group. The calculated values represent the average for 10 calculated ensembles of simulated annealing
structures. The experimental errors in the observed values are shown as horizontal bars. The correlation coefficients between observedandloakula

for (a), (b), and (c) are 0.89, 0.94, and 0.94, respectively. The location &f Kfapresented as red spheres) at site c in the structures of the SRY/DNA
complex calculated with the (d) 1-, (e) 3-, and (f) 10-conformer representations of the flexible paramagnetic group. The DNA (purple) and glmee bac
(green tube) are shown for a single structure, while thé'Mon (red spheres) is shown as a superposition from 10 ensembles of simulated annealing
structures (i.e., there are 10, 30, and 100*Mions superimposed in panels d, e, and f, respectively).

the original structure of the SRY/DNA complex. This is
investigated below by direct refinement against'aliI’; data.

terms of order parameters and effective distances. Figure 5b
compares the order parameters for the ensembles with the 3-

Order Parameters and Effective Distances.The order and 10-conformer representations for ED¥Mn2" at site c.
parameters and effective distances of thHePRE interaction Despite the different numbers of conformers, the values of the
vectors are not independent of each other. Rather, there is aorder parameters for these two ensembles are actually close to
strong correlation between them as shown in Figure 5a. As theeach other (Figure 5b), although those for the 10-conformer
distance increases so the angles between the interaction vectorsiodel are systematically smaller than those for the 3-conformer
of individual states are reduced, the valueés®@ and @60 model, probably due to increased conformational freedom (see
become closer, and hen@ge g — 1 (€q 18). Similarly, Figure 4). In addition, the effectivéi~60'/ distances are
Shre.anguia— 1 fOr large distances (cf. eq 17). Consequently, essentially identical for the 3- and 10-conformer models (Figure
the longer the effective distance, the larger the PRE order 6a). This is in clear contrast to the comparison between the three-
parameter will be. Because the PRE interaction vectors observedconformer and single-conformer representations (Figure 6b).
in the SRY/DNA complex are long, the corresponding order Considering the similarity of both the order parameters and the
parameters are relatively large with small variations (068  effective distances, we conclude that ensembles with 3- and 10-
See < 0.96) despite the large spatial distributions of the conformer representations for the PRE data set obtained for site
paramagnetic centers. c are in essence completely equivalent.

As shown above, back-calculation of the-T", data for site Structure Refinement with H-PRE Restraints Based on
¢ with 3- and 10-conformer models results in almost the same the Ensemble Approach.The arguments thus far are based
values of working and free Q-factors. The question then ariseson the coordinates of the SRY/DNA complex that had been
as to whether the corresponding ensembles are equivalent irdetermined with extensive use of other NMR-derived data
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Figure 5. Order parameters for MalHy vectors Gun—1?) for the SRY/
DNA complexes with dT-EDTA-Mn2* located at sites a (red), b (green),
and c (purple). (a) Dependence &n-n? on the effective distance
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restraints based on the ensemble approach with a three-
conformer representation, allowing full torsional degrees of
freedom for the entire complex. In this calculation, all other
NMR-derived restraints that had been used in the original
structure determinatidh were also included. A stereoview
showing a best-fit superposition of 40 simulated annealing
structures refined wititH-PRE restraints on the restrained
regularized mean coordinates derived from the simulated
annealing structures calculated withdit-PRE restraints is
shown in Figure 7. We also carried out a set of simulated
annealing calculations without RDC restraints. Structural sta-
tistics and coordinate rms differences are provided in Tables 1
and 2, respectively. As seen in Table 2, the structures calculated
with and without'H-T', PRE data are almost identical in the
presence of the RDC restraints: the atomic rms difference
between the two sets of mean coordinates-@&6 A for the
protein backbone (residues-Z9 of SRY) and DNA (central

12 bp) heavy atoms. Refinement againsttHePRE data does
not affect the agreement with the other experimental NMR
restraints, all of which are satisfied within their experimental
errors (Table 1). There is a significant improvement in the
agreement between observed and calculated valuéld-ob:

the overall PRE Q-factors for backbone and side-chain protons
after full refinement were 0.26t 0.01 and 0.264 0.01,
respectively, as compared to values of 0224.01 and 0.3%t
0.02, respectively, when only the coordinates of the paramag-
netic group are optimized. Thus, upon full refinement, the
agreement between calculated and obset#, for the side
chains is significantly improved and is almost comparable to

[Bwmn—n 806 calculated using egs 7, 15, 17, and 18 for a 10-state discrete that for the backbone, as can be seen from the correlation plots

jump model. Note tha®yn—n? decreases as the effective distance is reduced.
(b) Correlation betweeByn—n? calculated for 3- and 10-conformer discrete

jump models.

displayed in Figure 8. In addition, the presence or absence of
RDC restraints does not impact the agreement with the PRE
data (Table 1).

Although the impact on the mean coordinate positions as a

including 375 residual dipolar coupling (RDC) restraints for both consequence of including PRE restraints is comparable to that

protein and DNA!® The low values of the PRE Q-factors for

of including the RDC restraints, inclusion of PRE restraints does

the backbone!Hy protons and buried methyl and aromatic not result in an increase in coordinate precision (Table 2). This

protons for the structure (Figure 3a) are indicative of good

is due to the fact that the PRE restraints are based on fohg (

coordinate accuracy for these regions. The overall free Q-factor, A) distances that can easily allow for subtle changes in the
however, for the side-chain protons is quite high (Figure 3d), coordinates. The PRE data, however, can result in significant
which suggests that further improvements in coordinate accuracyimprovements in coordinate accuracy as shown in a later section.
are possible. We therefore performed further structure refinementin contrast, inclusion of RDC restraints, which permit the

using the complete set of backbone and side-cREHPRE

a

<r6>-16 [}] (10-conformer)
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Figure 6. Comparison of MA"—1Hy effective distance&i—631/6 for 1-, 3-, and 10-conformer representations of the flexible paramagnetic group. The
values plotted represent the averages of 10 independent calculations on the SRY/DNA complex with dFNEFTAocated at site c.
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C14 1 5
Figure 7. Stereoview of a best-fit superimposition of 40 simulated annealing structures refined against the complete skti-¢fRBSestraints (red) on

the restrained regularized mean coordinates generated from structures calculated¥iRRE restraints (cyan). The protein backbone of residu€z94
of SRY and the DNA heavy atoms (central 14 base pairs) are displayed.

cl4 | G15

Table 1. Structural Statistics for the 40 Simulated Annealing Structures Calculated with and without 'H-PRE Restraints?

BAPRE,RDCD SAroc BApreld [BAO
1H-T", Q-factors
overall (438) 0.23: 0.01 0.22+0.01
backbone (258) 0.26 0.00 0.20+ 0.01
side chain (180) 0.26: 0.01 0.25+ 0.01
Root Mean Square Deviation from Other Experimental Restraints
distance restraints (A) (1755) 0.640.00 0.04+ 0.00 0.04+ 0.00 0.03+ 0.00
torsion angle restraints (deg) (433) 0458.06 0.36+ 0.01 0.51+ 0.05 0.29+ 0.03
3JunHe coupling restraints (Hz) (70) 0.86 0.03 0.84+ 0.02 0.67+ 0.02 0.64+ 0.02
13Ca/*3CB shift restraints (ppm) (165) 1.020.01 1.0240.01 1.0140.01 1.014+0.01
DNA Dy dipolar couplings (Hz) (55) 0.52 0.01 0.57+ 0.01 1.25+ 0.1Z 1.54+ 0.1
Fixed Distance Dipolar Coupling R-factors (%)
proteiniDyy (71) 54+ 0.3 44403 26.5+ 1.8 242+ 2.3
protein'Dcy (67) 5.0+ 0.5 5.2+ 0.5 2244+ 1.8 22.44 2.1
protein'Dnc (68) 225+ 1.4 20.5+ 2.1 28.5+2.% 259+ 2.2
protein?Dunc (68) 20.1+£ 0.3 19.8+ 0.5 29.0+ 1.4 277+ 1.5
DNA Dy (9) 10.8+£ 0.2 10.0£ 0.5 28.5+ 7.4 28.4+ 6.7
DNA D¢y (37) 13.0+£ 0.2 12.3£0.2 422+ 7.0 35.1+ 3.4
Root Mean Square Deviation from Idealized Covalent Geometry
bonds (A) 0.006t 0.000 0.004t 0.000 0.006+ 0.000 0.003t 0.000
angles (deg) 0.98: 0.00 0.744 0.00 0.82+ 0.01 0.65+ 0.01
improper torsions (deg) 0.66 0.02 0.60+ 0.01 0.44+ 0.02 0.39+ 0.03

aFour sets of 40 simulated annealing structures were calculated using the full set of NOE, torsiot*@nghiemical shift, andJ coupling restraint&
and are represented with the following notatiol®Apre rod. Structures calculated with PRE and RDC restraifff#\rpcl) with RDC but without PRE
restraints{$Apr,) with PRE but without RDC restraintesAL] without PRE and RDC restraints. The structures of the SRY/DNA complex reported pre¥iously
correspond tdSArpcl] The PRE restraints were applied using three-conformer representation for individual dT-BMD¥A groups. The numbers in
parentheses indicate the number of restraints in each category. The simulated annealing protocol employed is the same as that u$ethin dafala:
coupling R-factor Ryip, is given by the ratio of the rms difference between observed and calculated dipolar couplings and the expected value of the rms
difference if the vectors are randomly oriented. The latter is given bp{#(4 + 352)/5]*2, whereDN" is the magnitude of the axial component of the
alignment tensor for the NH dipolar couplingsy; is the rhombicity, and. is a normalization factor for the other dipolar couplings givenyhynrne®/
yNYHImnS, Wherey are the gyromagnetic ratios for the different nuclei (proton, nitrogen, or carbon), and the bond distarzcestaken from ref 34. The
values ofDN" and  are taken from ref 18 The dipolar coupling R-factors and the rms for thepDdipolar couplings for the two sets of structure
calculated without dipolar couplingBsApre_and [SAL] are determined after the structure calculations by optimizing the orientation of the alignment tensor.

alignment tensor to be defined, results in large increases inaccuracy. The results of the complete cross-validation calcula-

precision (Table 2). tions shown in Figure 4 in which the original RDC-based NMR
Comparison of Single- and Three-Conformer Representa-  coordinates of the complex (SRY plus central 14 DNA base
tions for dT-EDTA —Mn 2" Groups in Simulated Annealing. pairs) were held rigid clearly indicate that the PRE Q-factor is
In the previous section on structure refinement, we employed a significantly lower for the three-conformer representation than
three-conformer representation for all dT-EDFMn2" groups, the single-conformer representation of the EDIMn2" groups

because cross validation with the coordinates of the complex as a consequence of the EDFMn?" group at site ¢ occupying
held fixed indicated that three conformers were sufficient to multiple positions. Thus, if the SRY/DNA complex is given
describe the site ¢ data and did not compromise agreement withfull torsional degrees of freedom, one would predict that
the sites a and b data, even though the latter could be accountedefinement using a single-conformer representation would only
for by a single conformer (Figure 4). What are the structural result in a reduction in the PRE Q-factor at the expense of
consequences if a single-conformer representation is used forcoordinate accuracy for the SRY/DNA complex; that is to say
all three sites instead? This is critical because it is self-evident the inappropriate treatment of the PRE data originating
that the purpose of adding PRE restraints into NMR structure from site ¢ would be predicted to distort the structure of the
refinement is to increase rather than decrease the coordinateeomplex.
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Table 2. Comparison of the NMR Structures? of the SRY/DNA Table 3. Free Residual Dipolar Coupling R-factors for Residues
Complex Refined with and without PRE Restraints 9—14, 37—46, and 66—74 of SRY for Structures Calculated with
- - PRE Data Using the Single- or Three-Conformer Representations
atomic rms difference (A) for EDTA—Mn2* at Site C, and with No PRE Data?
protein® backbone +  protein® heavy  protein® heavy atoms + free dipolar coupling R-factor (%)
DNAC heavy atoms atoms DNAC heavy atoms
- — dipolar coupling one-conformer three-conformer without PRE
Coordinate Precisich
[(BAprerDC] 0.21+0.06  0.66+ 0.07 0.53+ 0.06 DcH 34.1+29 21.8+ 3.4 20.4+ 4.5
BArpc 0.16+0.04  0.72+ 0.05 0.57+0.04 Dnn 251+18 20.3+ 1.5 21.3+3.3
[SApre] 0.46+0.16  0.79+0.08 0.70+ 0.11 Dne 33.3+14 27.5£1.9 24.1+£2.5
BA0 0.40+0.14  0.81+0.07 0.69+ 0.08 Dunc 28.5+1.0 259+13 27.5£1.3
— Impact of PRE Restraints on Mean Coordinates aFor each set of calculations, 32 simulated annealing structures were
SAprerocYS SArpe  0-61 0.66 0.72 calculated excluding the residual dipolar couplings for the three regions of
SApReVS SA 0.90 0.84 0.95 SRY, residues 914, 37-46, and 66-74, which exhibit significant structural
: . differences between the one- and three-conformer representations (see Figure

— Impact of RDC Restraints on Mean Coordinétes 9e). The free R-factors (for the dipolar couplings left out of the calculations)
SAprerocVS SApre  1.02 1.04 1.07

were calculated using the principal axes of the alignment tensor determined

SArpc VS SA 0.88 0.93 0.96 in the simulated annealing calculations. The magnitude of the alignment

tensor and the rhombicity were taken from ref 18. The values listed represent
aThe notation for the simulated annealing structures is the same as thatthe average and standard deviation for the 32 simulated annealing structures.

in Table 1. The bar indicates tge mean coordindt@&esidues 479 of

SRY. ¢ Central 12-bp of the DNAY Average atomic rms difference between ; ; ; ;

the individual 40 simulated annealing structures and the corresponding meanWIthOUt PRE restraints) is SUbStantla“y_ larger than the sum of

coordinatese Root mean square difference between mean coordinates.  the precision of the two sets of coordinates (as measured by

the average rms difference between the members of each

a 80 I ensemble of simulated annealing structures and their respective
Backbone mean coordinate position&In contrast, no substantial differ-
70 t 1 ences in backbone coordinates, with the possible exception of
60 - — the C-terminal three residues, are observed between the
structures refined with and without the PRE data when the three-
i 50 f conformer representation of the EDFMn2" groups is em-
T—‘é i ployed (Figure 9a, bottom panel).
§ If the calculations are repeated using only the PRE data from
T 0r sites a and b, no significant deviations from the original RDC-
T oot based SRY coordinates are observed for either the single- or
three-conformer representations of the EDIMn2" groups
10 ¢ (Figure 9b). This is an important result because it demonstrates
o @ s that even if the EDTA-Mn2" occupies a single position, as in
0 10 20 30 40 50 60 70 80 the case of sites a and b, use of a multiple-structure representa-
TH-T5 005 [s7] tion for the paramagnetic group is not detrimental.
b 80 _ . When the calculations are carried out using only the PRE
Side-chains data from site c, however, the pattern of deviations from the
70 1 original RDC-based SRY coordinates (Figure 9c) is almost
60 - — ] identical to that observed when all PRE data are employed
(Figure 9a). Moreover, the same pattern of structural deviations
A is preserved when the RDC data are omitted from the calcula-
:‘é tions and the coordinate precision is lower (Figure 9d). Thus,
5; the structural deviations arise from the single-conformer rep-
+ resentation of the EDTAMNZ" group at site c.
T There are three regions of SRY where there are substantial
structural differences in the backbone coordinates calculated
with the single- and three-conformer representations: residues

0 e 9—14, 3746, and 66-74 (Figure 9e). To assess whether these
0 10 20 30 40 50 60 70 80 L . L
1H-T- [s1] deviations arise from structural distortions and decreased
2,0bs coordinate accuracy as a consequence of employing a single-
Figure 8. Correlations between the observed and calculated valué$-of conformer representation, we carried out cross-validation cal-
T'; for backbone (a) and side-chain #)-PREs after refinement. A three- . . ' . .
conformer representation for the paramagnetic groups was employed forCUIatlons against the RDC data_usmg t_he single- and three-
the !H-PRE back-calculation. In panel a, data ¥6k, and*Ha protons are conformer representations to refine against the PRE data for

represented by filled-in and open circles, respectively. site ¢, omitting the RDC data for the three regions specified
above (Table 3). The free dipolar coupling R-factors for the
Using a single-conformer representation for all EDTMNZ" NH and GxH RDCs (i.e., those for the three regions not included

groups results in significant deviations in the SRY coordinates in the calculations) were substantially lower for the structures
from the original RDC-based structu¥éln the plot shown in calculated with the three-conformer representation than for those
Figure 9a (top panel), this is manifested when the backbone calculated with the single-conformer representation: 2#.8
rms difference between the two mean coordinates (with and 3.4% versus 34.% 2.9% for the @H RDCs, and 20.3 1.5%
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Figure 9. Structural consequences of PRE refinement with single- or three-conformer representations for the dFTNEBSTAroups. Panels-ad provide
a quantitative description of the differences between the simulated annealing structures calculated with and without PRE data in the form of plots of
ARMS;pre-pre Versus SRY residue number, whek®MS;pre-pre is defined as the rms difference between the mean backbone coordinates minus the
sum of the precision of the coordinates for the two ensenfl&se comparison set of coordinates constitutes those calculated with the complete set of
original experimental NMR restraints (i.e., without PRE datositive values oARMS, pre-—pre indicate regions of real difference between the two sets
of coordinates; negative values indicate the absence of any differ&nthe.results for the single- and three-conformer models for dT-EBWIA%" are
displayed separately, at the top and bottom, respectively, of panels(a) ARMS,pre-pre plot for structures calculated using the PRE data from all three
sites; (b)ARMSpre-pre plot for structures calculated using only the PRE data from sites a and ARM)S;pre—pre plot for the structures calculated
using only PRE data from site c. (ARMS.pre-pre plot for the structures calculated using only PRE data from site ¢ but with the residual dipolar coupling
(RDC) restraints omitted. The PRE refined structures in (a), (b), and (c) were calculated with all of the original NMR experimental restradinig, tinelu
RDCs18 the PRE-refined structures in (d) were calculated omitting the RDC restraints. (e) Regions of significant structural difference between the one- an
three-conformer representation ensembles for structures refined with PRE data from site ¢, expeBdé8,asThe backbone coordinates of three regions
of the protein differ significantly between the two sets of structures (definedRidS; 3 > 0.2 A for a contiguous stretch of residues): residued4,
37—-46, and 66-74 (indicated by the green bars). Each ensemble consists of 30 simulated annealing structures.

versus 25. 1 1.8% for the NH RDCs. Further, the free dipolar between observed and calculated PRE data, this is achieved at
coupling R-factors for the three-conformer representation are the expense of coordinate accuracy.

comparable to those (same set of RDCs) for the structures Impact of 'H-PRE Restraints on Coordinate Accuracy of
calculated without PRE data. One can therefore conclude thatthe SRY/DNA Complex under Conditions where Only a

the use of a single-conformer representation for the PRE dataSingle Intermolecular NOE Restraint Is Employed. The

at site c results in a significant decrease in protein backboneoriginal set of NMR restraints includes a large number of
coordinate accuracy. As predicted at the beginning of this intermolecular NOEs and residual dipolar couplings which
section, full refinement against the PRE data from site ¢ using define the structure of the complex with high precisléso

the single- and three-conformer representation yields similar that the full impact of the addition dH-PRE restraints is not
PRE Q-factors of 0.19 and 0.17, respectively. Thus, although aimmediately apparent. We therefore carried out another set of
single-conformer representation can result in good agreementcalculations with and withoutH-PRE restraints in which the
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minus PRE plus RDC plus PRE plus RDC

Figure 10. Impact of 'H-PRE restraints on coordinate accuracy of the SRY/DNA complex under conditions where only a single intermolecular NOE
restraint located at the center of the protelNA interface is employed. Best-fit superpositions of 30 simulated annealing structures calculated (a) without
1H-PRE and RDC restraints, (b) wiflii-PRE and without RDC restraints, (c) withoti{-PRE and with RDC restraints, and (d) witH-PRE and RDC
restraints. PRE restraints were applied with the three-conformer representation for the dF-EDTAgroups. The protein backbone (residue74) and

DNA (central 14 base pairs) of the simulated annealing structures are drawn in red and blue, respectively. The original restrained regulatizetungean s

of the SRY/DNA comple¥® determined using the complete set of 168 intermolecular NOE restraints is shown in cyan (protein) and yellow (DNA). The
single intermolecular NOE restraint used in the calculations is betweendHe @ethyl group of lle13 and the H2 proton of A9 with a distance range of
1.8-3.2 A. Apart from the 167 omitted intermolecular NOE restraints, all other NMR-derived restraints from the original structure determination of the
SRY/DNA complex® were employed. Coordinate accuracy as assessed by the average of the rms difference between the simulated annealing structures and
the mean coordinates derived from calculations employing the complete set of experimental NMR restraints is as follows=(8)aA.6b) 2.9+ 0.3

A, (c) 3.8+ 0.6 A, and (d) 1.9+ 0.2 A for the complete protein backbone (residues’@) and DNA heavy atoms (central 12 base pairs); (a) #1170

A, (b) 26+ 0.3 A, (c) 2.7+ 0.4 A, and (d) 1.7+ 0.1 A for the backbone of the SRY core (residues-68) and DNA heavy atoms (central 12 base
pairs).

number of intermolecular NOE restraints was reduced from 168 (Figure 10a). In the presence of PRE restraints, the relative
to only a single NOE. For this purpose, we chose the orientation is determined at a reasonable level of accuracy: the
intermolecular NOE between thed83 methyl group of llel3 rms difference from the original NMR coordinates (calculated
and the H2 proton of A9, which is located approximately at with all NMR restraints other than the PRE data) is Z2®.3
the center of the binding site and can be unambiguously assigned? for the protein backbone core (resides88) plus the heavy
in the 3D13C-separatedfC-filtered NOE spectrum. Using this  atoms of the central 12 bp of DNA (Figure 10b). Application
single intermolecular NOE restraint, structures of the SRY/DNA of RDC restraints also permits the orientation to be determined
complex were calculated (a) without both PRE and RDC at a similar level of accuracy (2.% 0.4 A for the protein
restraints, (b) without PRE but with RDC restraints, (c) with backbone core and central 12 bp of DNA; Figure 10c). Although
PRE but without RDC restraints, and finally (d) with both PRE the RDC data, measured in a single alignment medium and
and RDC restraints. In all calculations, a three-conformer characterized by an asymmetric alignment tensor, are consistent
representation was used for all three EDTWNn2" groups. The with four possible proteirDNA orientations, the relative
resulting structures are shown in Figure 10. orientation in this instance is uniquely determined because the
In the absence of both PRE and RDC restraints, the relative other three would exhibit intermolecular atomic overlap and are
orientation between the protein and DNA cannot be determined therefore excluded by the repulsive van der Waals term. A
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p* [x107] Mn2-'H distance [A]
Figure 11. Effect of electron spin density delocalized to the @pbital. (a) Relationship betweéfiN-T'; induced by M3 and the delocalization density
0. The overall correlation time.: and Larmor frequency fol"N were set to 2.9 ns and 50.6 MHz, respectively. Curves for three differeAtMaN
distances are shown: 17 A, solid line; 25 A, dashed line; and 30 A, dotted line. Note that the distance-independent term of eq 23 (secak?) term of

dominant in situations wherg” is large. (b) Dependence &fiy-I'2 on electror-1H distance in the absence (solid line) and presence of the delocalization
effect o = 1 x 1075) with the maximum and minimum limits depicted by dashed and dotted lines, respectively.

comparison of Figure 10b and c reveals some interesting 2p, orbital of carbon or nitrogen atoms, which could result in a
differences as a consequence of the different information contentbreakdown of the poirtdipole approximation of the SB
afforded by the distance-based PRE data and the orientation-equation. Recently, this effect has been shown to be significant
based RDC restraints. Thus, both the N (residue&®- and in the case of the small copper protein plastocyanin that
the C (residues 6979)-terminal tails of SRY that makes functions as an electron carrier in the electron-transfer process
extensive contacts with the DNA are well defined by the PRE in photosynthesi8.However, as discussed in ref 9, the large
restraints but not by the RDC restraints. This is due to the fact effect may be related to the electron-transfer processes and may
that translational displacements are restricted by the PREnot be significant for redox-inactive systems. We have therefore
restraints but do not impact the RDC restraints, providing the estimated the magnitude of the effect for EDFRINnZ" systems.
orientations of the corresponding bond vectors can still be If unpaired electrons are delocalized onto the @gbital of
satisfied, which is readily the case for extended segments of carbon or nitrogen atoms, the SB equation becohies:
structure. The DNA, however, is determined with higher
accuracy in the structures calculated with RDC restraints, which I'y = Azfssm(TJ =
is Eeadily ra_ltionalizeq because t_he current PRE data are restricted {r ¢+ a(p™)?r, ®+ bp™r, Y fsam(Te) (23)
to H nuclei located in the protein portion of the complex. Thus,
the translational PRE and orientational RDC restraints are The original SB equation (eq 11) corresponds to the case where
complementary, and the combined use of both PRE and RDCthe second and third terms af are negligible. Parameters for
restraints increases the accuracy still further @&.0.1 A for the additional terms are as follows” is the unpairedr-spin
the protein core plus central 12 bp of DNA; Figure 10d). Similar density located in the 2pmtomic orbital;a = 0.16 andb =
improvements in accuracy were also observed when a single—0.4 for 13C and!5N nuclei;a = 0.116 andb = 0.59 cos 2
NOE was chosen from either edge of the protddiNA for protons, wherep is the angle between electrefH and
interface. IH—C (or N) vectorsy, = 0.420 A for carbon and 0.345 A for
An additional set of calculations, with both PRE and RDC nitrogen;r, is the 'H—C (or N) distancé:® The second and
restraints, was also carried out using a single-conformer third terms ofA2 could become dominant for distances larger
representation for the EDTAMn?* groups. Although the  than 10 A, if o7 is greater than 1¢. The effect is especially
accuracy with which the relative orientation of the protein and strong for'3C and'®N, and, thereforeg™ can be estimated from
DNA is determined is only slightly worse than that obtained PRE data measured for these nuclei.
using the three-conformer representation (2.D.1 A versus To this end, we measured!®N-T'; data set at 500 MHz on
1.7 4 0.1 A for the protein core plus central 12 bp of DNA), the SRY/DNA complex with dT-EDTA-Mn?* located at site
the coordinate accuracy of the individual protein and DNA c. 15N-T'; rather thart®N-I"; was chosen, because, according to
components is significantly reduced. Thus, the distortions in eqs 2 and 3, the range 8IN-T'; is expected to be about 10%
the protein structure remain localized to the same three regionsthat of !H-I"; for the same electreanuclear distance whereas
of the proteins discussed in the preceding section (residuesthe range of®N-I'; is only 1% that of'H-I',. (Note that the
9—14, 3746, and 66-74), and the backbone accuracy for these J(w)) values for'>N andH are very different for the correlation
three regions is reduced from 0.4 to 0.9 A. In addition, the time of our system.) The range of obser/&d-I'; values was
accuracy of the DNA coordinates (central 12 bp) is also reduced 0.0—0.4 s'1. The Mr#t—15N distances in the structure ensemble
from 1.0 to 1.3 A. These structural distortions necessarily impact of the complex range from 17 to 38 A. Figure 11a shows the
the overall accuracy of the complex because they involve regionstheoretical relationships betweef and1°N-T'; for a 7. value
of the protein that contact the DNA. of 3 ns. The observed range BN-I'; is accounted for by a
Effect of Unpaired Electron Spin Density Delocalized to value of p” < 1 x 107°. The theoretical dependence f-I",
the 2p, Orbital. In this section, we consider potential errors on the Mri#+—1H distance with and without the second and third
resulting from unpaired electron spin density delocalized to the terms of eq 23 is plotted in Figure 11b foff = 1 x 1075,
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Clearly, as far asdH-I'; is concerned, the effect of takingf arising from any potentially flexible paramagnetic group at-
into account is negligible, particularly when considering the tached to a macromolecule. As was seen in the case of the
experimental errors in the measurement!dfl’,. Thus, we paramagnetic group attached to site ¢ of the SRY/DNA complex,

conclude that the poirtdipole approximation using\? = r—% structural distortion and a reduction of coordinate accuracy are
for back-calculation ofH-PREs is entirely valid for the dT-  clearly apparent when the paramagnetic group is inappropriately
EDTA—Mn2" system. represented by a single-conformer model and the conventional
. . SB equation is applied (Figure 9c,d). Conversely, in cases where
Discussion the paramagnetic center occupies a unique position (cf. sites a
Importance of Taking Paramagnetic Group Flexibility and b in the present case), a multiple-conformer representation
into Account in the Analysis of PRE Data. With the does not adversely impact the back-calculation of'thé®RE

coordinates of the original RDC-based NMR structure of the or coordinate accuracy (Figure 9b). Hence, operationally, the
SRY/DNA complex held fixed, we have demonstrated that a ensemble approach should always be used as the “default” in
marked improvement in the agreement between observed andstructure refinement against PRE data arising from a potentially
calculated!H-PREs arising from EDTAMN?' at site ¢ is flexible paramagnetic group. It is worth noting that the large
obtained using a multiple-conformer representation of the increase in accuracy of the PRE back-calculation afforded by
paramagnetic group. It seems highly likely that this observation the ensemble approach requires only a small amount of
reflects an actual multiplicity of Mt positions. Indeed, Dreyer  additional computational time. In the examples presented here,
and Dervan proposed a two-conformer model for dT-EDTA  the total calculation time was only increasedb%5% for the

Fe?t located in the middle of a stretch of DNA on the basis of three-conformer representation relative to the single-conformer
the observed DNA cleavage patterns generated by a hydroxylone. This is because the ensemble average fotHRERE is
radical produced by Pé& in the presence of dithiothreitél.Such calculated with the SBMF equation (eq 12) using a multiple-
conformational multiplicity is probably related to the number structure representation restricted to the paramagnetic center
of anchoring positions for the seventh coordination ligand to while employing only a single structure for the rest of the
the metal ion. In the crystal structure of EDFAMIN?", six atoms macromolecule. This is perfectly reasonable for relatively rigid
of EDTA are involved in coordination to Mri and a water portions of the macromolecule such as the backbone, the
molecule was identified as the seventh coordination ligdnd. hydrophobic core, and macromolecular interfaces, because any
A DNA-bound water molecule could readily serve as the seventh positional fluctuations ofH nuclei in such regions will not
coordination ligand because numerous bound water moleculescontribute significantly to ensemble effects [6f¢Cand S for

are present in the major groove of the DNA where EBTA  the 'H-PRE. For highly mobile, exposed surface side chains,
Mn2* is locatec?® A dT-EDTA—Mn?* located in the middle  however, it may be necessary to use an ensemble representation
of a DNA oligonucleotide could readily find two anchoring for the side chains as well.

positions because of the pseudosymmetric nature of the major  Number of Conformers Required for Accurate H-PRE
groove, whereas dT-EDTAMN?* located at the outer edges  gack-Calculations. The effective distanc& 5716 for a PRE

of a DNA oligonucleotide may find only one major anchoring jneraction is highly biased toward the minimum distance, which
position because of asymmetry. Because the spatial distribution egtricts the effective positions of the paramagnetic center to
of the paramagnetic group of dT-EDFAMN" at site cis @s  egions of space closest to the observed protons. Consequently,
wide as~11 A, consideration of the ensemble average is g optimal number of conformers used to represent a para-
necessary for accurate ba_ck-calc_ulatl_oﬁ-dﬂPREs arising from magnetic group iftH-PRE back-calculations will depend on
dT-EDTA—Mn?" located in the interior of a DNA sequence. yh the size and the shape of the conformational space sampled
~ Itis probably appropriate to use the ensemble approach every,y, the paramagnetic center and the spatial distribution of the
in cases where the linker connecting the paramagnetic group iSphserved protons. For example, even for a relatively large spatial
relatively short in length. Hubbell and co-workers recently ensemple of the paramagnetic center, a single-structure repre-
determined high-resolution crystal structures of spin-labeled T4 gentation of the paramagnetic group may still yield reasonable
lysozyme mutants in which a paramagnetic nitroxide ring was 4ccyracy, providing, as illustrated in Figure 12a, only a particular
attached to the)Batom of a surface cysteine residue via a three- o4iqn of the ensemble space is effective in terms of the PRE
bond linker; the electron density for the nitroxide rings was ,canved on most protons. This situation is typified, for example,

weak, indicative .of.high mobility of the paranjagn.etic group; by back-calculation of thtH-PRE arising from the dT-EDTA
moreover, two distinct conformers with the nitroxide oxygen Mn2+ groups located at the edges of a DNA oligonucleotide
atoms placed 8.3 A apart were observed for the 119R1 m¢ftant. (i.e., sites a and b). If, on the other hand, a wide portion of the

These obs_ervations als_o s_upport the_necessity of the ensembl%nsemble space of the paramagnetic center is within a similar
approach in the _quantltatn_/e _analy5|s B-PRE data on a distance from the distribution of observed protons, as is the case
mapromolecule with an extrinsic, covalently attached, paramag- for site c and illustrated schematically in Figure 12b, a multiple-
netic group._ S ) ) structure representation for the paramagnetic group is required
Bearing th's in mind, itis our View that a multiple-conformer ¢ 500yrate back-calculation of tAE-PRE. The total number
representation of the paramagnetic group represents the safeskt .ontormers required to represent the paramagnetic group may
and most appropriate approach for the refinement of PRE data, o1y from case to case, but the present calculations suggest that
in the case of intermoleculdH-PREs it is likely that a three-
conformer model will be generally sufficient because the

(27) Dreyer, G. B.; Dervan, P. Broc. Natl. Acad. Sci. U.S.A985 82, 968—
972

(28) Sch.neider, B.; Cohen, D.; Berman, H. Blopolymerl1992 32, 725-750. ; ; i ;
(29) Langen, R. Oh, K. J.. Cascio, D.; Hubbell, W. Biochernisty2000 39, mter_molecu_lar PRE interaction vectors are biased to one
8396-8405. particular direction.
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a information between the two macromolecules is provided by
Protein NOE-derived interproton distance restraints. In many instances,
Ensemble of i -
He paramaaneta center however, intermolecular NOE cross-peaks may be broadened
due to global or local exchange processes at the molecular
He © interface3? Moreover, the assignment of NOE cross-peaks to

unigue interactions is nontrivial in the presence of extensive
chemical shift overlap. In such instances, th&-PRE can
provide highly informative, long-range intermolecular distance
information to protons distant from the actual interface, thereby
b considerably enhancing the accuracy of the structure determi-
Ensemble of nation, as was demonstrated above (cf. Figure 10). Our results
paramagnetic center on the SRY/DNA complex suggest that the combinatiof+bf
PRE and residual dipolar coupling restraints significantly reduce
He reliance on intermolecular NOE data such that reasonable
accuracy can be attained even if only a few intermolecular NOE
He restraints are available and the DNA is highly distorted.
Moreover, analysis of intermolecul&-PRE data is straight-
Figure 12. The number of conformers required to represent the flexible forward. In _Our analysis of the t_hree SRY_/DNA complexes with
paramagnetic center depends on the shape and relative orientation of thdEDTA conjugated to three different sites on the DNA, no
ensemble space occupied by the paramagnetic center. Because effectiveignificant changes itH-, 15N-, or 13C-chemical shifts for the
(611 distances are close to the minimum electrpnoton distance, a  poynd protein were observed relative to the original SRY/DNA
single-point representation of the paramagnetic center will be adequate for . e
geometry a but not geometry b. The gray region represents the conforma—comp!ex without the dT'EDTA mOd'f'Cat'O_n' Consequem'y’_
tional space in which the paramagnetic center can be located within the reassignment of NMR signals was not required for the analysis
stereochemical restrictions imposed by the covalent linker. of the intermoleculafH-PRE data. Thus, a large number of
intermolecular translational restraints can be obtained with
minimal effort by analyzing'H-PRE data using sensitive 2D
HSQC-type experiments on a complex in which an extrinsic
paramagnetic center is attached to one component and the other

Protein
He

Although one might have anticipated that over-fitting would
present a problem with the multiple-structure representation, in
practice we find the approach insensitive to this issue. In the

f NOE analysi ing a multiple-structure representation . . . o
case of NOE analysis using a multiple-structure representatio component is uniformly labeled wiiN and/or'3C. In addition,

- 16b e . e
of the prot.elnl, over f|tt.|ng can readily occur by adjustlpg ON® it should be readily feasible to measuk&T', data on backbone
conformation to exclusively fit several bad NOE restraints. As . . . .

amide protons with good precision on relatively large macro-

a consequence, this phenomenon effectwt_aly restricts t_he numbermolecular complexes using 3D TROSY-HNCO-type experi-
of conformers that can be employed for refinement against NOE- s -

. . - ments3® We therefore expect thé-PRE by artificially attached
derived interproton distance data to two or three at the most. In

1H-PRE back-calculations presented here, on the other hand,paramqgngtlc groups will play a significant role in strugtgre
. . determination of macromolecular complexes by NMR, providing
only the paramagnetic groups are represented by multiple . : .
. ; . - . highly valuable long-range intermolecular restraints.
structures. It is therefore virtually impossible to generate a single
conformer that just fits a small number of bad data points, Concluding Remarks
because the position of the paramagnetic center affects back-

calculation of every’lH-P.REl data pomt.' Indeeq, the res.ults. of and computational strategy required to accurately back-calculate
the complete cross-validation calculations (Figure 3) indicate

that even a 10-conformer representation for the paramagneticlH_PRE data arising from a flexible param agnetic.group attaghed
group can be used without over-fitting to a macromolecule. Wg show that it is essential to take |.nto

Potential Role of IH-PRE in NMR Str'ucture Determina- account thg conformational space sampled by the flex'lble
tion of Macromolecular Complexes.The ensemble representa- paramagnetic group,_and to this end we ma_lke use of a multlple-
tion for extrinsic paramagnetic gr(;ups presented in this papers.trucu.Jre representation of the pargmagnet_m_ group. In cqmbma-
permits accurate quantitative use ${-PRE data in macro- tion W.Ith _recently developed chemical mpdlflcgtlon technl_ques,
molecular structure calculations, even if the artificially attached quantitative use o’lH-PRE data can proylde unique and highly
paramagnetic group is flexiblé Probably the most useful vaIuabIg ang-range distance information for NMR structure
application of the!H-PRE will inv.olve macromolecular com- dete_rmlnatlon of macromolecul_ar sy_stems and is likely to be

. . . . . particularly valuable when dealing with macromolecular com-

plexes, both proteinnucleic acid and proteinprotein. Cur-

rently, most NMR structure determinations of macromolecular plexes.

complexes rely on intermolecular NOBSsupplemented in Acknowledgment. We thank Attila Szabo for useful discus-
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In this paper, we have provided the theoretical framework
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